ABSTRACT Stunning efficiency of a pulsed direct current was assessed regarding the effect on the electroencephalogram (EEG) and physical reflexes. Four hundred sixty-seven broilers (males and females) were stunned in an electrified waterbath with 60, 80, 100, 120, and 150 mA at frequencies of 70, 100, 200, 400, 800, and 1,500 Hz. Stunning time was 10 s. The EEG recordings lasted for 120 s poststun and simultaneously the occurrence of breathing, spontaneous eye blinking, corneal reflex, and wing flapping was recorded. The EEG records were assessed regarding a profound suppression to less than 10% of the prestun brain power in 2 brain frequency bands, 2 to 30 Hz and 13 to 30 Hz. The EEG results showed a significant effect of stunning frequency for all analyzed parameters. Stunning frequencies of 800 and 1,500 Hz did not achieve adequate stunning results. With a minimum stunning current of 120 mA at frequencies of 70 or 100 Hz or 150 mA at 200 Hz, more than 80% of the animals did not resume breathing. Currents of 80 and 100 mA at 70 or 100 Hz achieved unconsciousness in more than 90% of the birds and birds recovered within 30 to 40 s poststun. Epileptiform activity was found in a relatively low proportion of EEG traces. This could be explained by the long stunning time of 10 s, in which epileptiform activity might have occurred already before the start of EEG recording. Direct current stunning causes less cardiac arrest during stunning, but occurrence of breathing seems more related to cardiac function than to consciousness. A maximum of 30% corneal reflexes and spontaneous eye blinking seems acceptable with a maximum of 15% spontaneous blinking at 15 s poststun. Fourty percent of wing flapping occurred in all effectively stunned groups. Direct current seems to have a different effect on male and female broilers because significantly more male broilers showed reflexes, whereas simultaneously the likelihood of profound EEG suppression was higher. Further investigation of this effect is necessary.
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INTRODUCTION
A pulsed direct current (DC) is often used for electrical waterbath stunning in chicken slaughterhouses. Various combinations of currents, frequencies, and stunning time are applied to optimize both stunning efficiency and product quality. However, the influence of the electrical parameters on the different tissues of broilers is still not well established and therefore assessment of stunning efficiency remains especially important.
Recording brain waves through the electroencephalogram (EEG) is the most objective available method to assess the state of (un)consciousness in broiler chickens. In EEG analysis, the occurrence of a profoundly suppressed isoelectric EEG as well as epileptiform activity is normally associated with loss of consciousness and therefore loss of sensibility (Schütt-Abraham et al., 1983; Raj et al. 2006a,c) . Isoelectricity has been characterized by a reduction of the poststun brain power to less than 10% of the prestun level (Raj and O'Callaghan, 2004a,b) . Two EEG frequency bands have been considered regarding the occurrence of isoelectricity after stunning. First, the broader 2 to 30-Hz band represents all states of vigilance and consciousness and a profound suppression has been used to indicate loss of overall brain function (Raj and O'Callaghan, 2004a,b) . The smaller band of 13 to 30 Hz represents information processing ability and a profound suppression has therefore been interpreted to indicate loss of sensitivity including pain (Raj and O'Callaghan, 2004a,b) . The chicken EEG clamp (CHEC) has been developed as a noninvasive method to measure and assess EEG of a large number of birds (Coenen et al., 2007) . Using the CHEC, Prinz et al. (2009) have analyzed the typical spectral characteristics of a wake broiler chicken and thus established the representative baseline EEG, which has been used to analyze reduction of brain power with different stunning setups.
Epileptiform activity on broiler EEG patterns as characterized with low frequency spike-wave discharges (Raj et al., 2006c ) is considered as an indicator of unconsciousness. Moreover, the occurrence of clonic-tonic or clonic-only convulsions in broilers leaving the waterbath has been associated with epileptiform activity (Schütt-Abraham et al., 1983) .
In daily slaughterhouse practice, assessment of behavioral reflexes after stunning is used to ensure good welfare standards (von Wenzlawowicz and von Holleben, 2001 ). The occurrence of breathing, spontaneous eye blinking, and the response to corneal reflex test after waterbath stunning with a pulsed DC has generally been assessed (Raj et al., 2006a) , but a detailed systematic analysis of various combinations of stunning current and frequency is still not available.
The aim of the present study is 2-fold. First, the effects of different amounts and frequencies of a pulsed DC are analyzed regarding their suitability to render broiler chickens unconscious in an electrical waterbath. Second, the relation of EEG analysis and behavioral reflexes is evaluated, to establish recommendations for welfare assessment in daily slaughterhouse practice.
MATERIALS AND METHODS
A total of 467 broiler chickens (Ross), 229 males, and 238 females were raised to 7 wk of age. The average weight was 1,999 ± 211 and 1,668 ± 203 g, respectively. The birds were individually stunned in an electrified waterbath, with their feet fixed into a grounded metal shackle that was attached to a rotating stand. The feet and shackle were sprayed with water to improve conductivity. Hanging upside down, the head of the bird was then immersed into the waterbath up to the base of the wings. The stunning bath consisted of a plastic basin with a metal plate as live electrode that covered the complete bottom. Salt was added to the water to maintain the conductivity at 4 millisiemens/cm. A commercially available stunning cabinet (Meyn Quest Cabinet, Meyn Food Processing Technology, Oostzaan, the Netherlands) delivered the pulsed DC with a 50% duty cycle (pulse width 1:1). Frequencies of 70, 100, 200, 400, 800, and 1,500 Hz were applied and for every frequency the voltage was adjusted to obtain the intended stunning currents of 60, 80, 100, 120, and 150 mA root MS. Because the actual stunning current depends on the individual resistance of a bird, the amperage obtained was measured with an ampere meter. For the following analysis, birds were grouped according to the effectively obtained stunning current, thus leading to a small variance in group size. The number of animals that obtained a stunning current below 80 mA and above 150 mA was not sufficient to analyze these groups. The number of animals per group, average voltage, and average current are given in Table 1 . Average stunning time was 10.6 ± 0.7 s.
After stunning, the rotating stand swung the birds toward the CHEC. The birds were fixed into the CHEC with the feet still hanging in the shackle. This procedure allowed EEG recording within 9.5 ± 4.3 s after stunning.
The EEG equipment and recording settings used in the present experiment have been described by Prinz et al. (2010) . All recordings lasted for 120 s poststun. Birds were subsequently offered in a box filled with carbon dioxide. During EEG recording, the occurrence of spontaneous breathing, spontaneous eye blinking, and wing flapping was observed and marked on observation channels on the EEG recordings. This facilitated a direct comparison of the behavior of the birds with changes in the brain waves. In addition, the corneal reflex was tested every 20 s poststun through touching of the cornea of the birds with a feather. Neck tension was assessed 30 s after the animals left the waterbath. Because the heads were fixed into the CHEC, assessment of this parameter was considered not reliable and was excluded from further analysis. Furthermore, the state of the eyes of the chickens (open or closed) was recorded immediately after stunning, as well as the occurrence of clonic-tonic convulsions. Convulsions were evaluated as described in Prinz et al. (2010) .
Electroencephalogram analysis was concentrated on the first 40 s poststun because this was judged to play a decisive role regarding animal welfare. Brainvision Analyzer (Brain Products, Gilching, Germany), was used. The EEG recordings were transferred to Brainvision Analyzer using a software aid to convert Windaq data (Dataq Instruments Inc., Akron, OH). To analyze total brain power, EEG recordings were filtered for 2 to 30 Hz and 13 to 30 Hz. The traces were divided into 3 poststun periods, with P1 0 to 20 s, P2 20 to 30 s, and P3 30 to 40 s poststun. In every period, 3 segments of 1 s were marked and a fast Fourier transformation was calculated to obtain the total brain power in every segment. The grand average of the 3 segments provided the brain power of every poststun period, which was expressed as a percentage of the representative wake chicken EEG, as described by Prinz et al. (2009) . This procedure allowed analysis of the EEG traces without artifacts caused by movements or manipulation of the birds when testing physical reflexes. For evaluation of the EEG records, it was assessed if animals obtained a profoundly suppressed or isoelectric EEG with less than 10% of a wake broiler chicken, considering both the 2 to 30-Hz band as well as the 13 to 30-Hz band.
Birds that obtained an isoelectric EEG were considered to be unconscious, whereas failure of isoelectricity indicated inadequate stunning. In the visual evaluation of the EEG traces, spike-wave discharges with a frequency of 2 to 6 Hz were marked as typical characteristics for epileptiform seizures. A characteristic chaotic EEG pattern with high amplitude and low frequency directly after stunning, followed by an isoelectric EEG, could be observed in many birds. This was also regarded as an indicator for a form of unconsciousness ( Figure 1 ).
For the statistical analysis JMP 7.1 (JMP, 2007) was used. Data were subjected to a nominal logistic regression, where stunning current (mA), stunning frequency (Hz), the interaction of stunning current × stunning frequency, and sex were fixed factors. The factor effects were calculated with the χ 2 likelihood ratio test. The predicted values were extracted to show the likelihood of birds not obtaining a profoundly suppressed EEG or showing physical reflexes.
RESULTS
Fast Fourier transformations were conducted for a total of 383 EEG traces, 197 for male and 186 for female broilers. Due to disturbances and movement artifacts, 84 EEG records could not be analyzed. For the evaluation of the EEG records in the first 40 s poststun, the statistical analysis showed a strong significance for stunning frequency (P < 0.0001) in both frequency bands. Stunning current was not significant, but the interaction of stunning frequency × current showed a significant effect in the broader band of 2 to 30 Hz (P = 0.0224). Sex showed a significant effect in the 2 to 30-Hz band (P = 0.0038), as well as in the 13 to 30-Hz band (P = 0.0155). In both frequency bands, females were less likely to obtain a profoundly suppressed isoelectric EEG than males. Figure 2 shows the predicted values of the birds that did not obtain an isoelectric EEG in the first 40 s poststun in the different electrical setups. Apparently for high frequencies (>400 Hz), stunning efficiency was not adequate, with less than 90% of the birds showing a profoundly suppressed isoelectric EEG, independent of the stunning current. The results of the 2 brain frequency bands are similar, although the data of the 13 to 30-Hz band show a slightly higher stunning efficiency than the 2 to 30-Hz band. The predicted values for the birds not showing an isoelectric EEG in the 3 poststun periods P1 (0 to 20 s), P2 (20 to 30 s), and P3 (30 to 40 s) are presented in Figure 3 . Stunning frequency was significant in all 3 periods for both brain frequency bands 2 to 30 Hz and 13 to 30 Hz (P < 0.001). High frequencies (>400 Hz) did not result in a high percentage of isoelectric EEG in any of the poststun periods. The percentage of isoelectricity was slightly lower in P1 in all stunning groups and increased in P2 and P3. Stunning current did not show significant effects for any poststun period, but the interaction of stunning frequency and current showed significant effects in P2 and P3 for the 2 to 30-Hz band (P = 0.02176 and P = 0.0422, respectively) and in P3 also for the 13 to 30-Hz band (P = 0.0101). Groups stunned with 150 mA showed a higher percentage of birds with an isoelectric EEG at 70 Hz than birds stunned with 80 mA at the 80  70  6  4  10  69  91  88  100  3  3  6  75  80  77  200  6  6  12  72  95  80  400  4  7  11  84  90  77  800  6  10  16  82  97  84  1,500  9  5  14  83  98  83  100  70  12  8  20  93  118  99  100  6  5  11  102  125  100  200  7  2  9  92  120  99  400  10  8  18  91  117 same frequency. In P1, sex showed a significant effect in both frequency bands (P = 0.044 and P = 0.0073), and stunning efficiency was lower in females than in males. The results of the eye reflexes showed some variation from the EEG. For the corneal reflex test at 20 and at 40 s poststun, both stunning frequency and current were significant (P < 0.0001), whereas the interaction of stunning frequency and current did not have a significant influence. Birds stunned with lower frequencies or higher currents were less likely to show corneal reflexes (Figure 3) . The early corneal reflex test at 20 s poststun showed a significant effect for sex (P = 0.0077), with more positive responses of males. At 40 s poststun, sex effect was not significant. The interaction of stunning frequency and current did not have a significant influence on the corneal reflex test.
Occurrence of spontaneous eye blinking showed a significant effect for stunning current and stunning frequency in all 3 poststun periods (P < 0.0001) and for sex in P1 (P = 0.0006), P2 (P = 0.0046), and P3 (P = 0.0074). In all 3 periods, the probability of spontaneous eye blinking was lower for birds stunned with low stunning frequencies or high stunning currents. Males were more likely to show spontaneous eye blinking than females. The interaction of stunning frequency and current was not significant. The predicted values for positive responses to the corneal reflex test and the occurrence of spontaneous eye blinks are summarized in Figure 3 .
The presence of breathing within the first 40 s poststun indicated survival of chickens. For those birds that recovered from stunning, average time to resumption of breathing was 10.8 ± 3.9 s. Stunning frequency as well as the interaction of stunning frequency × current had a significant influence on the ability to recover (P < 0.0001 and P = 0.0291, respectively). In groups with a stunning frequency above 400 Hz, all birds resumed breathing. When stunned with 150 mA at 70 Hz, very few birds survived the stunning process, whereas application of 80 mA at the same frequency resulted in more than 50% of recovery. The effect of stunning current was not significant. The predicted values for the occurrence of breathing in the different stunning groups are summarized in Figure 3 . Sex was of significant influence on the likelihood to resume breathing (P = 0.0005), with a higher probability for the males as compared with female birds.
Vigorous wing flapping can lead to meat quality defects due to hemorrhages or broken bones. The effect of stunning frequency (P < 0.0001) and interaction of stunning frequency × stunning current (P = 0.0067) was significant for the occurrence of wing flapping, whereas neither stunning current nor sex showed a significant effect. Wing flapping decreased with increasing frequency, with the highest incidence for the setup of 150 mA at 70 Hz. Figure 4 shows the probability of wing flapping in the different stunning groups extracted from the predicted values of the nominal logistic regression.
The occurrence of epileptiform activity was low in all stunning groups, with increasing values in groups stunned with low currents and higher frequencies. The predicted values from the nominal logistic regression are presented in Figure 5 . Both stunning frequency and current showed a significant effect (P < 0.0001), but no significant effect for the interaction of current × frequency or sex could be detected. Epileptiform activity was more likely in birds stunned with higher stunning frequencies, whereas higher stunning currents suppressed the occurrence of epileptiform activity. The presence of tonic-clonic or clonic-only convulsions showed a significant effect for stunning frequency (P < 0.0001) and stunning current (P = 0.0203). The likelihood for convulsions decreased with decreasing stunning frequency or increasing stunning current. The probability for convulsions in the different stunning groups is presented in Figure 5 . Assessment of the eyes of the birds when leaving the waterbath showed that most birds had their eyes open if the stunning frequency exceeded 100 Hz. The effect likelihood test showed a significant effect for stunning frequency (P < 0.0001), stunning current (P = 0.0419), and sex (P = 0.02181), with slightly more open eyes for male birds or low stunning current.
DISCUSSION
The first aim of the present study was to determine electrical combinations that render a sufficient number of birds unconscious after electrical waterbath stunning with a pulsed DC. A profoundly suppressed EEG to less than 10% of the prestun level in the 2 to 30-Hz band indicates loss of overall brain function, whereas the same profound suppression in the 13 to 30-Hz band has been used as an indicator for loss of sensibility including pain (Raj and O'Callaghan, 2004a,b) . From Figure 2 , it is obvious that stunning frequency has a main influence on stunning efficiency in the first 40 s poststun. High frequencies above 200 Hz did not result in a profound suppression of the EEG in the 2 to 30-Hz band in at least 90% of the chickens independent of the amount of current. When an overall stunning efficiency of 85% of broilers is tolerated, stunning frequency can be increased to 400 Hz. However, stunning frequencies of 800 or 1,500 Hz did not achieve a profound suppression of the EEG in the 2 to 30-Hz band in more than 20% of the birds, even with increasing stunning current, and can therefore not be recommended. The results of the 13 to 30-Hz band mainly support these findings with a slightly higher stunning effectiveness for all stunning frequencies and a deep suppression of the EEG in more than 90% of the broilers when stunned with 400 Hz, independent of the current. Considering the assumption that a profound suppression of the EEG in the 13 to 30-Hz band indicates loss of sensibility (Raj and O'Callaghan, 2004a,b) , a pulsed DC stunning with 400 Hz is acceptable. This corresponds with findings of Gregory and Wotton (1991) , who concluded that a pulsed DC of 350 Hz and a minimum of 120 mA lead to an abolishment of somatosensory evoked responses in laying hens for 60 s poststun. Loss of evoked potentials is generally interpreted as a disruption of primary pathways (Gregory and Wotton, 1987) , indicative for loss of overall brain function. However, in the same study, an influence of stunning current was found with ineffective stunning currents below 120 mA (Gregory and Wotton, 1991 ). This could not be confirmed in the present study.
Evaluation of the time until recovery of birds after electrical waterbath stunning is an important factor for animal welfare. The induction of ventricular fibrillation during stunning has welfare advantages because recovery of the birds during bleeding is prevented (Gregory and Wotton, 1987) . Moreover, it allows more flexibility for the time of neck cutting (Gregory, 1998) . On the other hand, induction of cardiac arrest in potentially conscious animals could cause welfare concerns (Raj et al., 2006a) . Moreover, possible carcass quality defects due to hemorrhaging and broken bones have been reported (Gregory, 1989) . However, ventricular fibrillation is not mandatory if recovery is prevented before death from bleeding supervenes (Raj, 2003) .
The present study showed that the majority of birds survived the stunning process when stunned with frequencies higher than 200 Hz or currents below 100 mA. When stunned with at least 800 Hz, all birds recovered from stunning. This corresponds with the findings of Prinz et al. (2010) , on broilers stunned with an alternating current (AC). In a study of Raj et al. (2006a) , all broilers recovered from stunning with 800 or 1,400 Hz pulsed DC. However, the present study clearly shows that unconsciousness is not achieved in a sufficient number of birds stunned with these high frequencies of 800 or 1,500 Hz even when neck cutting is performed immediately (Figures 2 and 3 ).
When stunned with low frequencies of 70 or 100 Hz and minimum stunning currents of 120 mA, at least 80% of the animals did not resume breathing and it can be assumed that they experienced cardiac arrest. The same could be observed for birds stunned with 150 mA and 200 Hz. These results correspond with the findings of Raj et al. (2006a) , in which 80% of the broilers showed cardiac fibrillation when stunned with 150 mA at 200 Hz. The results of the EEG in both frequency bands show a profound suppression in more than 90% of the broilers in the present study for all 3 poststun periods (Figure 3 ). In addition, eye reflexes are absent in almost all birds directly after stunning and remain on a very low level until 40 s poststun. Because an isoelectric EEG in the 2 to 30-Hz band has been interpreted with loss of overall brain function (Raj and O'Callaghan, 2004a,b) , it can be assumed that a high percentage of animals is effectively stunned or even approaching brain death.
When stunning setups are sought that ensure an adequate period of unconsciousness and insensibility without inducing cardiac arrest, application of a pulsed DC proved to be effective. In the present study, frequencies of 70, 100, and 200 Hz at currents of 80 or 100 mA resulted in a considerable number of birds that regained breathing after stunning (Figure 3) . The profoundly suppressed EEG in both frequency bands for more than 90% of the birds indicate adequate stunning in these groups. This could not be observed for birds stunned with an AC of 80 mA with the same frequencies (Prinz et al., 2010) . Similar results have been obtained in the present study for birds stunned with 200 Hz at 120 mA and 400 Hz at 150 mA. The high increase of positive responses to the corneal reflex test together with rising spontaneous eye blinks, however, indicate the progressive recovery of the birds. Fast and efficient bleeding would therefore be necessary to prevent the recovery of animals, before death from bleeding supervenes. This is especially important for birds stunned with 80 mA, in which death from bleeding must be ensured within 30 s poststun.
The occurrence of an epileptic fit followed by an isoelectric EEG has been interpreted as characteristic for adequate stunning, where this lasted for 30 s after the onset of current flow (Schütt-Abraham et al., 1983) . Raj et al. (2006a) found a low occurrence of epileptiform activity after DC stunning, and significantly less birds that were stunned with high stunning frequencies (800 or 1,400 Hz) or lower stunning currents (100 mA) developed epileptiform activity. In the present study, epileptiform activity could only be observed on some EEG records ( Figure 5 ). This corresponds with the findings of Prinz (2009) and Prinz et al. (2010) for birds stunned with the same amount and frequency of an AC. In comparison to the study of Raj et al. (2006a) , epileptiform activity was considerably lower in the present study and increased with higher frequencies of 800 and 1,500 Hz or lower currents of 80 and 100 mA (Figure 5 ). Gregory and Wotton (1987) also observed a suppression of epileptiform activity in birds stunned with high currents. The suitability of epileptiform activity as an indicator of stunning efficiency has therefore been questioned (Gregory and Wotton, 1987) . The lower amount of epileptiform activity in the present study might be due to the difference in stunning time. Although Raj et al. (2006a) stunned the animals for 1 s, the stunning time in the present study was 10 s. Raj et al. (2006c) reported average epileptiform activity duration from 9 to 12 s after 1-s stunning with an AC. Gregory and Wotton (1987) found epileptiform activity lasting for 17 and 12 s after the onset of current flow. Considering the stunning time of 10 s, it can therefore be assumed that epileptiform activity occurred already in the waterbath or during transfer of the birds to EEG recording. Occurrence of clonic-tonic or clonic-only convulsions when leaving the waterbath supports this conclusion. Schütt-Abraham et al. (1983) classified these phenomena as signs of epileptiform seizures, whereas a limb body would indicate cardiac arrest during stunning (Gregory, 1989) . This corresponds with the results in the present study (Figure 3 and 5). Moreover, Wormuth et al. (1981) concluded that cardiac fibrillation is always associated with the occurrence of epileptiform activity, when current flow lasts for at least 4 to 6 s.
The second aim of this study was to establish the suitability of physical reflexes as indicators for stunning efficiency under commercial conditions in a direct comparison of behavioral parameters with the EEG analysis. As previously discussed, the absence of breathing for up to 40 s poststun was regarded as a sign of cardiac arrest. Resumption of breathing in recovering birds normally occurred within 20 s poststun. It has been discussed that a pulsed DC is less likely to induce cardiac arrest in chickens than AC (Kuenzel and Ingling, 1977) . This could be confirmed in the present study because the majority of birds only encountered cardiac arrest when stunned with frequencies of 70 and 100 Hz and minimum currents of 120 mA. In a similar study of Prinz et al. (2010) on birds stunned with the same amounts and frequencies of AC, most birds encountered cardiac arrest when stunned with low frequencies and 100 mA or 200 Hz at 120 and 150 mA. In the present study, several stunning groups with a high proportion of breathing birds showed a profound suppression of the EEG in all 3 poststun periods, indicating an effective stun for at least 40 s poststun. It can therefore be concluded that the occurrence of breathing is not directly related to consciousness but to cardiac function. However, it must be considered that breathing will facilitate oxygen supply to the brain and thus facilitate recovery.
Corneal reflex testing is a common procedure in commercial slaughterhouses to assess stunning efficiency. Wormuth et al. (1981) found that the corneal reflex remained absent in birds that developed cardiac fibrillation in the waterbath. Results of Raj et al. (2006b) correspond to these findings and the same can be observed in the present study (Figure 3) . Moreover, groups with a profoundly suppressed EEG did not show a high proportion of corneal reflexes at 20 s poststun (Figure 3) . If birds regained breathing, the incidence of corneal reflexes doubled at 40 s poststun. However, a considerable proportion of corneal reflexes can be seen in groups with a profoundly suppressed EEG in both brain frequency bands. This supports the assumption that absence of the corneal reflex definitely indicates absence of sensibility, whereas positive responses are a sign of overall brain function, not necessarily related to consciousness. Gregory (1989) The occurrence of spontaneous eye reflexes has been analyzed as a measure that might be more related to consciousness and sensibility, rather than mere brain function. Raj et al. (2006a,b) found a high consistency of birds with a positive corneal reflex and spontaneous blinking within 20 s poststun. From the results presented in Figure 3 , it is obvious that the percentage of spontaneous eye blinking is generally lower than the occurrence of corneal reflexes. Moreover, blinking remains absent in birds that do not recover from stunning. This is in line with results obtained by Raj et al. (2006b) . On the other hand, an increase of spontaneous blinking within the first 40 s can be seen in birds that resume breathing. A low amount of spontaneous eye blinking can even be observed in animals that show a deep suppression of the EEG in both frequency bands (Figure 3) . It can therefore be assumed that an increase of corneal reflexes together with rising spontaneous eye blinks indicates a progressive recovery of the birds. For adequate stunning, not more than 15% of eye blinking should be visible in a group of broilers at 20 s poststun, and this value should not increase above 30% at 30 s poststun.
Assessment of wing flapping was included in the present study as an indicator for stunning effectiveness but proved to be more related to convulsions after stunning. This is obvious because the majority of wing flapping occurred in those groups, in which a high percentage of animals encountered cardiac arrest ( Figure  3 and 4) . Moreover, wing flapping mainly occurred in the first 40 s poststun, but normally not in a later period in animals that recovered completely during EEG recording. However, wing flapping did not occur in all animals that encountered cardiac arrest. This might be important with regard to meat quality because wing flapping might be an indicator for severe convulsions of the breast muscle, which could have a negative effect on product quality. From Figure 3 and 4, it is obvious that all groups with adequate stunning efficiency showed wing flapping in a range of 45 to 60%. Possible meat quality implications must, however, be assessed in a later study.
In the present study, significant differences between male and female broilers regarding EEG results and physical reflexes have been observed. This is surprising because voltage has been adjusted to obtain the same amount of current for all broilers in the same group. It could therefore be assumed that the resulting higher voltage used for female broilers caused the distinction (Table 1) . This does not correspond with findings of Prinz et al. (2010) in a similar study on waterbath stunning using AC, in which different voltage did not lead to significant differences in stunning results of male and female broilers. Moreover, a significantly lower proportion of female birds obtained a profoundly suppressed EEG, whereas on the other hand, female birds showed significantly less physical reflexes. This contradiction might be explained with the occurrence of epilepsy in females. Raj and O'Callaghan (2004a,b) found an increase in overall brain power in a period directly after stunning. They explained this high initial value with epileptiform activity. The significantly lower percentage of female birds obtaining an isoelectric EEG is limited to the P1 in the present study. Moreover, slightly more females showed epileptiform activity. This supports the assumption that the difference might be caused by epileptiform activity, which would explain the lower occurrence of physical reflexes. The reason for a possible higher incidence of epileptiform activity in female broilers, however, is not known, but a divergent effect of DC on females and males cannot be excluded. This is particularly important because under practical conditions male and female birds are normally stunned together.
In conclusion, application of a DC in a waterbath proves to be effective to render broiler chickens unconscious. Stunning frequency has a major effect on stunning efficiency, and frequencies exceeding 400 Hz do not produce adequate stunning results. Frequencies of 70, 100, and 200 Hz with minimum currents of 120 mA cause cardiac arrest in the majority of birds, thus preventing recovery of animals poststun. Lower currents of 80 and 100 mA applied with the same frequencies do not show this effect on cardiac function, but still prove to render the animals unconscious for an adequate period poststun. A frequency of 400 Hz is only effective when applied with 150 mA. In all groups in which a high percentage of birds resumed breathing, an increase of corneal reflexes and spontaneous eye blinking after stunning indicated the progressive recovery of birds. Rapid and efficient bleeding is therefore mandatory with these stunning setups to prevent recovery of the birds. This is especially important for stunning setups of 80 mA, in which death from bleeding must be ensured within 30 s poststun. Eye reflexes seem most reliable to evaluate unconsciousness. Both corneal reflex and spontaneous eye blinking might still be visible in a limited number of birds, whereas an increase over time is a definite signal for recovery. A maximum percentage of 30% of positive corneal reflexes would therefore be acceptable, with a maximum of 15% of birds with spontaneous eye blinking at 20 s poststun. Spontaneous eye blinking should never exceed 30%.
